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1. Introduction
The F0F1 ATP synthases couple proton or, in
some cases, sodium ion gradients to the synthesis
of ATP in energy transducing membranes. It is clear
that these membrane protein complexes combine two
molecular motors that are connected by a common
drive shaft to couple ATP synthesis and hydrolysis to
ion translocation. During ATP synthesis, proton or
sodium ion translocation through the F0 motor, an
integral protein complex, propels rotation of the
common drive shaft [1^3]. The F1 motor, a periph-
eral membrane protein complex, uses the resulting
rotation to drive condensation of ADP with Pi se-
quentially in its three catalytic sites [4^6].
When resolved from the membrane, the F1 motor
is a potent ATPase comprised of ¢ve subunits with
K3L3QNO stoichiometry. The Q subunit is the common
drive shaft that connects the F0 and F1 motors in the
intact synthase [7]. This review is focused on the
molecular mechanism for coupling rotation of the
Q subunit during hydrolysis of ATP by F1. Before
considering the catalytic characteristics of F1-ATP-
ases, it is instructive to review unique structural fea-
tures of these enzymes.
2. Crystal structures of F1 reveal homogeneity of
noncatalytic sites and heterogeneity of catalytic
sites
The crystal structures of the bovine heart mito-
chondrial (BH-MF1) and rat liver mitochondrial
(RL-MF1) ATPases as well as that of the K3L3 sub-
complex of the F1-ATPase from the thermophilic
Bacillus PS3 have been determined. In the crystal
structure of BH-MF1 deduced by Abrahams et al.
in 1994, the K and L subunits are elongated and
arranged alternately to form an (KL)3 hexamer [8].
The K and L subunits are folded similarly into three
major domains illustrated in Fig. 1. An amino-termi-
nal L-barrel is on the top (blue in K and red in L), a
nucleotide binding domain comprised of alternating
K-helices and L strands is in the middle (cyan in K
and yellow in L) and a carboxy-terminal, K-helical
bundle is on the bottom (red in K and blue in L).
That part of the Q subunit su⁄ciently ordered to be
seen in the crystal structure is K-helical and is illus-
trated in orange in Fig. 1C,D. It is comprised of
three K-helices. Two of these include the last 73 res-
idues at the carboxy terminus and the ¢rst 45 resi-
dues at the amino terminus of the Q subunit. These
helices are partly present in a coiled coil that is asym-
metrically arranged within the central cavity of the
(KL)3 hexamer. The third K-helix is comprised of
residues 73^90. This helix is present as a spur on
that part of the coiled coil that is external to the
(KL)3 hexamer [8].
The F1-ATPases contain six nucleotide binding
sites. In addition to three catalytic sites, they contain
three noncatalytic sites that do not have a well de-
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Fig. 1. Views of K and L subunits in the crystal structure of BH-MF1 illustrating locations of catalytic sites and noncatalytic sites and
asymmetry of L subunits. (A) The noncatalytic site at the KT/LE interface. The arrow points to the side chain of LEAsp359 that inter-
acts with the ribose of bound AMP-PNP. (B) The catalytic site at the KT/LT interface. The arrow points to the side chain of KTArg373
that interacts with the L and Q phosphates of bound AMP-PNP. (C) The KE-Q-LD cross-section. (D) The KD-Q-LE cross-section. The
side chains of LAsp315 and LArg337 are illustrated in red in C and D to illustrate their di¡erent positions in the two cross-sections.
This ¢gure and Figs. 2 and 4 were constructed from the coordinates for BH-MF1 [8] using the software program RasMol provided
by R. Sayle (Glaxo Wellcome Research and Development, Greenford, UK).
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¢ned functional role. In the crystal structure of BH-
MF1, noncatalytic sites are located at K/L interfaces
and are homogeneously liganded with MgAMP-PNP
that interacts mostly with amino acid residues in K
subunits and to a minor extent with residues contrib-
uted by the adjacent L subunit as illustrated in Fig.
1A [8]. The arrow in Fig. 1A points to the side chain
of LAsp359 that is near the ribose of bound MgAMP-
PNP at the KT/LE interface. In contrast, catalytic
sites are heterogeneously liganded in the crystal
structure of BH-MF1 and are located at di¡erent
K/L interfaces. The K subunits contributing to the
catalytic sites of LT, LD and LE are designated, re-
spectively, KT, KD and KE [8]. The arrow in Fig. 1B
points to the side chain of KArg373 in KT that inter-
acts with anionic oxygens of AMP-PNP bound to
LT.
The conformations of LT and LD in the crystal
structure of BH-MF1 are nearly identical, but di¡er
considerably from that of LE. Compared to the two
liganded L subunits, the carboxy-terminal, K-helical
bundle in LE is twisted away from the nucleotide
binding domain. Comparison of Fig. 1C and D illus-
trates the di¡erence in orientation of the nucleotide
binding domain with respect to the carboxy-terminal
K-helical bundles of LD and LE, respectively [8].
Comparison of Fig. 1C and D also suggests that
the nucleotide binding domain unsnaps in transition
from the closed conformation of LT to the open con-
formation of LE. This is earmarked by the changes in
the relative positions of LAsp315 and LArg337 which
are shown in red. Whereas the side chains of these
residues are within 2.9 Aî of each other in LT and LD,
they are 11.6 Aî apart in LE. The closed conforma-
tions of LT and LD are very similar to the closed,
common conformation of K subunits that are li-
ganded with MgAMP-PNP. In the crystal structure
of the K3L3 subcomplex of TF1, which is free of
nucleotides and Mg2, the K subunits are superim-
posable with the K subunits of BH-MF1 which are in
closed conformations [9]. All three L subunits in the
crystal structure of the K3L3 subcomplex of TF1 are
superimposable with the open structure of the LE
subunit in the crystal structure of BH-MF1. In the
crystal structure of RL-MF1, two catalytic sites con-
tain ADP plus Pi and the third contains ADP alone.
Mg2 is not bound to catalytic sites in this crystal
structure which are in the closed conformation [10].
In contrast, all three noncatalytic sites in the crystal
structure of RL-MF1 are liganded with MgATP and
are in the closed conformation. These comparisons
suggest that K subunits are in closed conformations
irrespective of ligation of noncatalytic sites, whereas
L subunits containing nonliganded catalytic sites are
in open conformations and L subunits liganded with
nucleotides are in closed conformations.
Studies on F1-ATPases in solution that will be
discussed subsequently suggest that the markedly dif-
ferent a⁄nities of the three catalytic sites of F1-ATP-
ases for ADP and ATP in the presence of Mg2
might be caused, at least in part, by the asymmetric
arrangement of the coiled coil of the Q subunit within
the central cavity of the (KL)3 hexamer. Therefore, a
crystal structure of an intact F1-ATPase or of an
K3L3Q subcomplex in which none of the catalytic sites
or only one catalytic site is liganded is needed to
provide more complete assessment of structure/func-
tion relationships.
3. The di¡erent arrangements of functional amino acid
side chains in liganded and empty catalytic sites
Amino acid side chains implicated to have func-
tional roles in catalysis by chemical modi¢cation
and/or mutagenesis are arranged similarly in the cat-
alytic sites of LT and LD in the crystal structure of
BH-MF1. In contrast these side chains are arranged
very di¡erently in LE. These di¡erences are illustrated
in Fig. 2. In LT, shown in Fig. 2A, the magnesium
ion is directly coordinated with oxygens of the L and
Q phosphates of bound AMP-PNP. It is also coordi-
nated directly with the hydroxyl oxygen of LThr163
and coordinated through water molecules with car-
boxylate oxygens of LGlu192 and LAsp256 [8]. Weber
et al. [11] have shown that substitution of residues
equivalent to LThr163, LGlu192 or LAsp256 of BH-
MF1 with alanine in EC-F1 leads to complete loss
of asymmetric binding of MgATP or MgADP to
catalytic sites. Fig. 2A also shows that the O-ammo-
nium of LLys162 and the guanidinium of KArg373
interact with the Q phosphate of bound MgAMP-
PNP in LT. Chemical modi¢cation studies and/or
mutagenesis have implicated LLys162 and KArg373
in catalytic roles [12]. The arrow in Fig. 1B points
to the side chain of KArg373 in KT, depicted in red,
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Fig. 2. Comparison of the arrangements of functional amino acid side chains in liganded and empty catalytic sites of BH-MF1. (A)
The arrangement of functional amino acid side chains in LT of BH-MF1 where LThr163 is liganded to Mg2. (B) The arrangement of
functional amino acid side chains in LE of BH-MF1 where the hydroxyl of LThr163 is H-bonded to the carboxylate of LGlu199 [8]. See
text for additional details.
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that interacts with anionic oxygen atoms of
MgAMP-PNP bound to the catalytic site of LT.
Abrahams et al. [8] postulated the guanidinium of
KArg373 might function in stabilizing the transition
state during catalysis.
The side chain of LGlu188 is also included in Fig.
2A. In TF1, the corresponding side chain is deriva-
tized when the enzyme is inactivated by DCCD [13].
Inactivation by DCCD is accelerated up to 7-fold by
ADP, but is strongly inhibited by ADP in the pres-
ence of Mg2 [14]. Consistent with these ¢ndings, a
single Kd is observed when free ADP binds to three
catalytic sites of EC-F1 or the K3L3Q subcomplex of
TF1, whereas two or three Kd values are observed
when MgADP binds to these enzymes, respectively
[15,16]. In the crystal structure of MF1, a water mol-
ecule is bound between the carboxylate of LE188 and
the Q phosphate of bound AMP-PNP. It has been
suggested that the carboxylate of LGlu188 activates
the bound water molecule for in-line attack on the
Q phosphate during ATP hydrolysis [8].
Fig. 2B shows that the side chains of LThr163,
LAsp256, LLys162 and KArg373 are arranged di¡er-
ently in LE in the crystal structure of BH-MF1. In
this case, the hydroxyl of LThr163 is H-bonded to the
carboxylate of LE199. The O-ammonium of LK162 and
guanidinium of KArg373 are also shifted in LE. The
former is in electrostatic interaction with the car-
boxylate of LAsp256 and the latter is H-bonded to
the K-carbonyl oxygen of KD347. It is interesting
that the carboxyl group of KD347 interacts electro-
statically with the guanidinium of LArg191 at the KE/
LE (2.3 Aî ), KD/LD (2.8 Aî ) and KT/LT (3.0 Aî ) inter-
faces. The distances in parentheses represent the
shortest distance between a carboxyl oxygen and a
guanidinium nitrogen of the two residues at the given
interfaces. This may be a pivot point for rearrange-
ment of amino acid side chains as catalytic sites open
and close during ATP synthesis and hydrolysis.
It has been demonstrated that inactivation of BH-
MF1 and EC-F1 with DCCD is accompanied by de-
rivatization of LGlu199 rather than LGlu188 observed
with TF1 [17,18]. Substitution of the corresponding
residue in EC-F1, TF1 and the F1-ATPase from Rho-
dospirillum rubrum with other amino acids leads to
varying degrees of attenuation of ATPase activity
depending on the substitution [19^21]. Recognition
that LGlu199 is H-bonded to LThr163 in LE in the
crystal structure of BH-MF1 suggested that it might
function to stabilize the open conformation of the
catalytic site during catalysis [22]. Such stabilization
might be necessary for expeditious release of prod-
ucts during ATP hydrolysis. To test this possibility
(H.-M. Ren and W.S. Allison, unpublished experi-
ments, 1998), LGlu199 was substituted with cysteine
and valine in the K3L3Q subcomplex of TF1. The Km
values determined from steady state kinetic analyses
were: wild-type, 35 WM (18 Wmol mg31 min31) ;
LGlu199Cys, 1.6 WM (1.0 Wmol mg31 min31) ; and
LGlu199Val, 2.0 WM (0.25 Wmol mg31 min31). The
speci¢c activities for the hydrolysis of 2 mM ATP
by the subcomplexes are shown in parentheses. These
results are consistent with the premise that the open
state of the catalytic site is stabilized by the apparent
H-bond between LThr163 and LGlu199 illustrated in
Fig. 2B.
4. Transient formation of inhibitory MgADP during
ATP hydrolysis occurs under conditions of bisite
catalysis
Steady state kinetic analyses of F1-ATPases are
complicated by transient entrapment of inhibitory
MgADP in a catalytic site when low concentrations
of ATP are hydrolyzed in the absence of saturating
noncatalytic sites with MgATP. For instance, 50 WM
Fig. 3. Kinetic pro¢les for hydrolysis of 50 WM ATP by the
wild-type and KAsp269Asn K3L3Q subcomplexes of TF1 before
and after loading a single catalytic site with MgADP. The wild-
type and mutant subcomplexes (1 mg/ml) were incubated at
23‡C for 15 min in 50 mM Tris-HCl, pH 8.0 containing 0.1
mM EDTA and 1 mM Mg2 in the presence (b,d) or absence
(a,c) of 3.6 WM ADP. Then 4 Wl samples of the wild-type (a,b)
or mutant (c,d) were assayed with 50 ATP using an ATP regen-
eration system [25].
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ATP is hydrolyzed in three distinct kinetic phases by
MF1, TF1 and the wild-type K3L3Q subcomplex of
TF1 [23^25]. Trace a of Fig. 3 illustrates hydrolysis
of 50 WM ATP by the wild-type K3L3Q subcomplex of
TF1. An initial burst of ATP hydrolysis rapidly de-
cays to a slow, intermediate phase that gradually
accelerates to a ¢nal rate approaching the initial
rate. When a single catalytic site of the subcomplex
is ¢lled with MgADP prior to assay, a lag is ob-
served, the length of which increases as the concen-
tration of ATP in the assay medium is decreased.
Trace b of Fig. 3 illustrates the lag observed when
50 WM ATP is hydrolyzed by the wild-type K3L3Q
subcomplex of TF1 after loading a single catalytic
site with MgADP. The slow activation illustrated in
trace b roughly parallels the slow activation illus-
trated in trace a. This suggests that the transition
from the initial burst to the intermediate rate ob-
served in trace a is caused by entrapment of inhib-
itory MgADP in a catalytic site. Transition from the
intermediate rate to the ¢nal rate in trace a is caused
by slow binding of MgATP to noncatalytic sites that
promotes release of inhibitory MgADP from the af-
fected catalytic site.
Trace c of Fig. 3 illustrates hydrolysis of 50 WM
ATP catalyzed by the K3L3Q subcomplex of TF1 con-
taining the KAsp269Asn substitution. In the crystal
structure of BH-MF1, the side chain of KAsp269 is
coordinated to the magnesium ion complexed with
the L and Q phosphates of AMP-PNP at noncatalytic
sites. The KAsp269Asn mutant hydrolyzes 50 WM
ATP with an initial burst that rapidly decays to a
constant, slower rate rather than to a slower rate that
subsequently accelerates (trace a). After loading a
single catalytic site with MgADP, the mutant sub-
complex hydrolyzes 50 WM ATP with a long lag
(trace d) before it reaches a constant rate corre-
sponding to the ¢nal rate attained in trace c. Non-
catalytic sites in the KAsp269Asn mutant subcomplex
are photolabeled with 2-N3-ATP and 2-N3-ADP
about as e¡ectively as noncatalytic sites in the wild-
type subcomplex. Therefore, the aberrant catalytic
behavior exhibited by the KAsp269Asn mutant is
caused by defective communication between nonca-
talytic sites and catalytic sites rather than failure of
noncatalytic sites to bind nucleotides.
Matsui et al. have prepared a quadruple mutant of
the K3L3Q subcomplex of TF1 called vNC which does
not bind nucleotides to noncatalytic sites [26]. The
catalytic characteristics of the vNC mutant provide
further evidence that noncatalytic sites have a role in
promoting dissociation of inhibitory MgADP en-
trapped in a catalytic site during turnover. The
vNC mutant hydrolyzes 20 WM and 2 mM ATP
with an initial burst that rapidly decays to produce
a completely inactive form of the enzyme. Prior load-
ing of a single catalytic site by incubating the vNC
mutant with stoichiometric MgADP before assay
eliminates ATPase activity indicating that turnover-
dependent inactivation during ATP hydrolysis is
caused by entrapment of inhibitory MgADP in a
single catalytic site.
Steady state kinetic analysis of the initial rate of
hydrolysis of 1^2000 WM ATP by the vNC mutant
revealed Km values of 4 WM and 135 WM [26]. The
Km of 4 WM re£ects bisite catalysis, ATP hydrolysis
when two catalytic sites are saturated, whereas the
Km of 135 WM re£ects trisite catalysis, ATP hydroly-
sis when three catalytic sites are saturated. The de-
pendence of the ¢rst order decay of the initial rate of
ATP hydrolysis catalyzed by the vNC mutant as a
function of ATP concentration revealed an apparent
Kd of about 5 WM. Therefore, inhibitory MgADP is
entrapped in a catalytic site when two catalytic sites
are catalyzing ATP hydrolysis.
Although transient entrapment of MgADP in a
catalytic site during turnover prevents accurate as-
sessment of steady state kinetic parameters of wild-
type F1-ATPases, the steady state parameters of the
K3L3Q subcomplex of TF1 containing the LT163S sub-
stitution have been accurately assessed. This mutant
subcomplex does not entrap inhibitory MgADP dur-
ing ATP hydrolysis [27,28]. Steady state kinetic anal-
ysis of hydrolysis of 1^2000 WM ATP by the
LThr163Ser mutant subcomplex revealed a Km of 2^
5 WM and a Km of 110 WM with respective kcat values
of about 25 s31 and about 370 s31. The lower Km
re£ects ATP hydrolysis when only two catalytic sites
are saturated, which, in this case, is not accompanied
by turnover dependent entrapment of inhibitory
MgADP. The higher Km re£ects ATP hydrolysis
when three catalytic sites are saturated.
Transient formation of inhibitory MgADP during
ATP hydrolysis catalyzed by the LTyr345Trp mutant
of EC-F1 or TF1 makes it di⁄cult to correlate
quenching of tryptophan £uorescence with the actual
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amount of F1 participating in ATP hydrolysis at the
time £uorescence measurements are recorded. De-
spite this shortcoming, comparison of MgATP bind-
ing to the mutant enzymes as assessed by titration of
tryptophan £uorescence with the concentration de-
pendence of the rate of ATP hydrolysis on MgATP
concentration clearly shows that maximal velocity is
attained when the third catalytic site is saturated
with substrate.
5. Heterogeneous a⁄nities of catalytic sites for
MgATP: negative cooperativity vs. intrinsic
asymmetry
The three catalytic sites of F1-ATPases have di¡er-
ent a⁄nities for MgATP. This has been clearly dem-
onstrated by Weber and Senior and their colleagues
using the LTyr345Trp mutant of the EC-F1-ATPase
[15]. Only a single Kd of 71 WM was observed on
binding ATP to three catalytic in the absence of
Mg2. In contrast, three Kd values were observed
when the mutant enzyme was titrated with ATP in
the presence of Mg2. The lowest Kd was less than
nM. The Kd2 and Kd3 values obtained for loading the
second and third catalytic sites were 0.5 and 25 WM,
respectively. Similar results have been obtained with
the K3L3Q subcomplex of TF1 containing the
LTyr345Trp substitution [16]. In the case of the TF1
subcomplex, addition of 50 nM ATP to 50 nM en-
zyme in the presence of 1 mM Mg2 caused imme-
diate quenching of one-third of the £uorescence of
the introduced tryptophans. The quenched £uores-
cence did not recover after 1 h indicating that
MgADP did not dissociate. This was con¢rmed by
assessing the activity of the mutant subcomplex after
adding stoichiometric MgATP to it. The enzyme was
converted to the MgADP inhibited form within 10
min of binding stoichiometric MgATP. This is con-
sistent with earlier reports that addition of stoichio-
metric ATP or 2-N3-ATP to BH-MF1 in the presence
of Mg2 converts the enzyme to the MgADP inhib-
ited form [29,30].
Heterogeneous binding of MgATP to the three
catalytic sites of the TF1 subcomplex is indepen-
dent of movement of the Q subunit. Titration of
the (KAla396Cys)3(LTyr345Trp)3(QAla22Cys) triple mu-
tant gave essentially the same Kd values as the
K3(LTyr345Trp)3Q single mutant before and after
cross-linking an K subunit to the Q subunit through
a disul¢de bond by oxidation with o-iodosobenzoate.
Cross-linking K to Q abolished ATPase activity
[16]. Gru«ber and Capaldi have shown that cross-
linking of L to Q and L to O in the K3(LTyr345Trp/
Glu395Cys)3QN(OSer108Cys) triple mutant of EC-F1
had very little e¡ect on the heterogeneous a⁄nities
of the three catalytic sites of the enzyme for MgATP
[31]. These studies strongly indicate that the di¡erent
a⁄nities of the three catalytic sites for MgATP ob-
served in titration experiments are, at least in part,
caused by the asymmetric arrangement of the coiled
coil of the Q subunit within the central cavity of the
(KL)3 hexamer.
6. Crowding of C-terminal domains prevents three
L subunits from assuming the closed conformation
simultaneously
Tsunoda et al. [32] noted that in the crystal struc-
ture of BH-MF1, the side chains of Ile390 in LT and
LD are within 4.5 Aî of each other. They also noted
that the side chain of Ile390 in LE is at least 20 Aî from
the point of contact of LT with LD. Replacement of
LD or both LD and LT with LE in the crystal structure
of BH-MF1 by computer modeling led them to pre-
dict that contact is only made between side chains of
LIle390 when two L subunits are in the closed con-
formation. Tsunoda et al. called this state the CCO
conformation [32]. Computer modeling also pre-
dicted that the CCC conformational state with three
L subunits in closed conformations cannot be accom-
modated because the coiled coil of the Q subunit
within the (KL)3 hexamer blocks conversion of the
third L subunit from the open to the closed confor-
mation. Consistent with this prediction, it has been
shown that disul¢de bonds are only formed within
two L subunits when the LAsp315Cys/LArg337Cys
double mutant subcomplex of TF1 is oxidized under
a variety of conditions [33]. The di¡erent distances
between LAsp315 and LArg337 in LT and LE are illus-
trated in Fig. 1C and D, respectively.
The predictions from computer modeling were
con¢rmed after substituting the residue correspond-
ing to LIle390 with cysteine in the K3L3Q subcomplex
of TF1 [32]. Correlation of the rate of inactivation of
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the LIle386Cys mutant by CuCl2 with formation of L-
L dimers under conditions showed that: (1) the K3L3Q
subcomplex assumes the CCO conformation when
two catalytic sites are occupied with Mg-nucleotides;
(2) intermediates with the CCO conformation are
generated during multisite ATP hydrolysis ; (3) the
MgADP-inhibited form is in the CCO conformation;
and (4) the CCO conformation is not assumed in the
presence of nucleotides in the absence of Mg2.
7. Is rotation of the Q subunit entirely responsible for
catalytic to catalytic site cooperativity?
It has been established that ATP hydrolysis by
elegantly engineered single molecules of the K3L3Q
subcomplex of TF1 is tightly coupled to rotation of
the Q subunit [5,6]. The rotary motor operates in
discrete steps of 120‡ as ATP is hydrolyzed sequen-
tially by the three catalytic sites of the enzyme. Gar-
c|¤a and Capaldi [34] have shown that ATP hydrolysis
at a single, high a⁄nity catalytic site remains, but
multisite ATP hydrolysis is abolished after cross-
linking L to Q in the K3(LGlu395Cys)3QNO mutant of
EC-F1. It might be concluded from this observation
that rotation of the Q subunit is entirely responsible
for catalytic to catalytic site cooperativity. However,
two studies with subcomplexes of TF1-ATPase sug-
gest that this is not the case.
Modi¢cation of Tyr311 in a single L subunit of the
K3L3 subcomplex of TF1 with NBD-Cl (7-chloro-4-
nitrobenzofurazan) is su⁄cient to abolish ATPase
activity [35]. Orriss et al. [36] recently solved the
crystal structure of BH-MF1 in which Tyr311 in a
single L subunit is derivatized with NBD-Cl. This
structure clearly shows that formation of the NBD
derivative of Tyr311 in a single L subunit freezes it in
the open conformation of LE illustrated in Fig. 1D.
This prevents participation of the modi¢ed L subunit
in a cyclical mechanism for ATP hydrolysis requiring
sequential opening and closing of L subunits. The
observation that modi¢cation of LTyr311 with
NBD-Cl in a single L subunit of the K3L3 subcomplex
of TF1 is su⁄cient to abolish ATP hydrolysis sug-
gests that catalytic sites participate sequentially with
catalytic to catalytic site cooperativity even in the
absence of the Q subunit.
Although Tsunoda et al. [32] demonstrated that
multisite ATP hydrolysis is inactivated when two L
subunits in the K3(LIle390Cys)3Q subcomplex of TF1
are cross-linked by oxidation, they also found that
the cross-linked enzyme hydrolyzed substoichiomet-
ric TNP-ATP at a single catalytic site. Moreover, the
rate of hydrolysis of TNP-ATP at the single catalytic
site was markedly accelerated by subsequent addition
of su⁄cient ATP to saturate catalytic sites. Cross-
linking two L subunits traps them in the closed con-
formation, thus preventing rotation of the Q subunit.
Therefore, promotion of TNP-ATP hydrolysis ob-
served on binding ATP to additional catalytic sites
also indicates that conformational signals are sent
from one catalytic site to another in the absence of
rotation of the Q subunit.
8. The pathway for sending conformational signals
from one catalytic site to another
Inference that certain amino acid residues partic-
ipate in communication between catalytic sites is
based on catalytic characteristics of point mutants
of bacterial F1-ATPases. In studies with EC-F1, cat-
alytic to catalytic site cooperativity has been assessed
by comparing the e¡ects of mutations on hydrolysis
of substoichiometric ATP, called unisite catalysis,
with their e¡ects on hydrolysis of saturating ATP,
called multisite catalysis. For instance, Noumi et al.
[37] found that the LArg260His mutant of EC-F1 has
augmented unisite activity compared to wild-type,
whereas multisite activity of the mutant is attenuated
41-fold, compared to that of wild-type. Overall, wild-
type EC-F1 exhibits 40 000-fold acceleration of cat-
alysis in transition from unisite to trisite catalysis. In
contrast, the LArg260His mutant shows only a 63-
fold acceleration in transition from unisite to trisite
catalysis. Parsonage et al. [38] have shown that the
LArg260Cys substitution in EC-F1 has an even great-
er deleterious e¡ect on catalytic to catalytic site co-
operativity. Several residues in K subunits that are
located near catalytic sites have been implicated in
catalytic to catalytic site cooperativity using this ap-
proach [12,39].
Additional residues in K and L subunits that par-
ticipate in catalytic to catalytic site cooperativity
have been identi¢ed by comparing rates of formation
of inactive ADP-£uoroaluminate complexes at cata-
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lytic sites of wild-type and mutant K3L3Q subcom-
plexes of TF1 under di¡erent conditions of ligation
of nucleotide binding sites. An inactive ADP-£uoro-
aluminate complex is formed slowly when Al3 and
F3 are added to BH-MF1 or the wild-type K3L3Q
subcomplex of TF1 containing MgADP bound to a
single catalytic site [40]. In contrast, when Al3 and
F3 are added to the enzymes containing MgADP
bound to two catalytic sites, ADP-£uoroaluminate
complexes are formed rapidly in both catalytic sites.
This indicates that interactions between catalytic sites
augment formation of ADP-£uoroaluminate com-
plexes in two catalytic sites.
On the basis of altered rates of formation of ADP-
£uoroaluminate complexes by point mutants of the
K3L3Q subcomplex of TF1, side chains corresponding
to KTyr244, KArg304 and KTyr300 of MF1 have been
implicated in catalytic to catalytic site cooperativity
[41]. Fig. 4 illustrates that the side chains of these
residues are linked by H-bonds and extend from
the interior of the nucleotide binding domain in K
subunits (KTyr244) to interface L subunits near cata-
lytic sites. The side chain of KAsp269 is included in
Fig. 4 to indicate the distance between these residues
and noncatalytic sites.
The side chains of KPhe299 and KTyr300 are adja-
cent to a region in L subunits near catalytic sites that
is sensitive to mutagenesis. The aromatic ring of
KPhe299 is within 3.4 Aî of a guanidinium nitrogen
of LArg260 at the KD/LD and KT/LT interfaces, where-
as the corresponding distance at the KE/LE interface
is 7.1 Aî . As noted above, Noumi et al. [37] and
Parsonage et al. [38] showed that the LArg260His
and LArg260Cys mutants of EC-F1 have defective
catalytic to catalytic site cooperativity. From assess-
ment of the rates of formation of inhibitory ADP-
£uoroaluminate complexes, it has been shown that
the LArg260His substitution in the K3L3Q subcomplex
of TF1 severely attenuates cooperativity, whereas the
LPhe299Val substitution augments cooperativity con-
siderably (H. Ren and W.S. Allison, unpublished ex-
periments, 1998). Fig. 4 and Table 1 illustrate that
the guanidinium of LArg260 also interacts with the
hydroxyl group of KSer344 at the KT/LT and KD/LD
interfaces, but not at the KE/LE interface. The
KSer344Phe mutant of EC-F1 has been reported to
have severely attenuated multisite ATPase activity
but nearly normal unisite activity suggesting that it
participates in catalytic to catalytic site cooperativity
[38]. In the empty catalytic site of LE, the guanidi-
nium of LArg260 is within interaction distance of the
carboxylates of LGlu192 and LAsp256, whereas in the
liganded catalytic sites of LT and LD, it is consider-
ably distant from these carboxylates. This is also
illustrated in Fig. 4 and Table 1. These di¡erences
suggest that during transition from a liganded to an
unliganded catalytic site, the side chain of LArg260
moves away from the K/L interface, where it interacts
with KSer344 and KPhe299, to interact with carboxy-
lates, that in LT and LD are liganded through water
molecules to the Mg2 coordinated with bound nu-
cleotides.
Several observations suggest that noncatalytic sites
play a role in catalytic to catalytic site cooperativity.
The rate of formation of the inhibitory ADP-£uoro-
aluminate complex is severely attenuated by Pi when
Al3 and F3 are added to the wild-type K3L3Q sub-
complex containing MgADP bound to one or two
catalytic sites [40]. In contrast, the rate of formation
of the inhibitory ADP-£uoroaluminate complex is
accelerated 3-fold by Pi when Al3 and F3 are added
to the K3L3Q subcomplex after incubating it with 200
WM ADP plus Mg2. The rate of formation of the
inhibitory ADP-£uoroaluminate complex in the pres-
ence of 200 WM ADP is even greater when Pi is
replaced with sul¢te. Observations with the KD269N
and vNC mutant subcomplexes of TF1 indicate that
the stimulatory e¡ects of Pi and sul¢te on the rate of
formation of the ADP-£uoroaluminate complex are
caused by concerted binding of MgADP and the
oxyanions to noncatalytic sites. Addition of 1 mM
ADP in the presence of excess Mg2 and either Pi or
sul¢te promotes dissociation of Mg[3H]ADP bound
to a single catalytic site of the wild-type K3L3Q sub-
complex. ADP, Pi or sul¢te alone does not promote
dissociation of Mg[3H]ADP bound to a single cata-
lytic site. Promotion of dissociation of Mg[3H]ADP
from a single catalytic site of the KD269N mutant
subcomplex by 1 mM ADP plus Mg2 and Pi or
sul¢te, is considerably slower than observed with
the wild-type subcomplex. In the case of the vNC
mutant, 1 mM ADP plus Mg2 and Pi or sul¢te do
not promote dissociation of Mg[3H]ADP bound to a
single catalytic site. Interestingly, the KD269N mutant
subcomplex forms the ADP-£uoroaluminate com-
plex extremely slowly, compared to wild-type, when
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MgADP is bound to a single catalytic site. Therefore,
the single catalytic site containing bound MgADP
recognizes the KD269N substitution even when non-
catalytic sites are empty.
The results of mutagenesis experiments sum-
marized above imply that both K/L interfaces at
catalytic sites and K/L interfaces at noncatalytic
nucleotide binding sites participate in transmitting
conformational signals from one catalytic site to
the next during ATP hydrolysis and ATP synthesis.
These signals must be propagated in opposite direc-
tions during ATP synthesis and hydrolysis. The
pathway for the signal that is propagated during
ATP hydrolysis is shown in the model described be-
low.
9. A model for trisite ATP hydrolysis by F1-ATPases
A model for a single turnover of ATP hydrolysis
by F1 is illustrated in Fig. 5 that takes into account:
(1) attainment of maximal velocity when three cata-
lytic sites are saturated; (2) forbiddance of three sub-
units in the closed conformation simultaneously;
(3) counter clockwise rotation of the Q subunit;
(4) transmission of conformational signals from the
catalytic site in the process of binding ATP to the
catalytic site in the process of releasing products
through the intervening K subunit; and (5) micro-
scopic reversibility. In the model, LT, LD and LE rep-
resent the orientation of subunits in the crystal struc-
ture of BH-MF1 only and not the state of ligation of
subunits. To avoid confusion, nucleotides are not
included on the stippled circles that represent K sub-
units. These sites will be saturated with MgATP
under conditions of maximal velocity. ATP bound
to catalytic sites represents MgATP, the actual sub-
strate for ATP hydrolysis. Hexagons represent L sub-
units in open conformations, spheres represent sub-
units in closed conformations and ellipses represent L
subunits in transition between open and closed con-
formations. The transition state for ATP hydrolysis
in Fig. 5 is represented by [ATP].
The curved arrow indicates a conformational sig-
nal that originates as LE closes on binding MgATP.
The signal is propagated through KE to LD where it
promotes ATP hydrolysis and conversion of LD from
the closed to the open conformation. Two K/L inter-
faces participate in propagating the conformational
signal. Given that ATP hydrolysis propels counter-
clockwise rotation of the Q subunit with the orienta-
tion of subunits proposed by Noji et al. [5], the con-
formational signal enters KE at the KE/LE interface
illustrated in Fig. 4B. Assuming that noncatalytic
nucleotide binding sites play a role in catalytic site
cooperativity, it is inferred that the interface of the
noncatalytic binding site of KE with LD is the site
through which the propagated signal passes during
its transfer to the catalytic site of LD. Fig. 1B illus-
trates the comparable site at the KT/LD interface. The
arrow in Fig. 1B points to the side chain of LAsp359.
The carboxylate of this residue in LE is within 3.8 Aî
of the 2P-hydroxyl of the ribose in AMP-PNP bound
to the noncatalytic site of KT. At the KD/LT and KE/
LD interfaces, this distance is 6.2 Aî .
The position of the coiled coil of the Q subunit
within the central cavity of the (KL)3 hexamer gov-
erns which pair of L subunits assumes the closed
conformation simultaneously. The closing of LE, trig-
gered by binding of MgATP to its catalytic site, must
be accompanied by movement of the coiled coil of
the Q subunit to overcome packing constraints within
the central cavity of the (KL)3 hexamer. According to
the model, this movement is accompanied by con-
certed conversion of LD from the closed to the
open conformation with concomitant hydrolysis of
ATP followed dissociation of products. Concerted
opening of LD and closing of LE allow the coiled
coil of the Q subunit to move counterclockwise within
the central cavity. In this process, the pair of L sub-
units existing in closed conformations would switch
simultaneously from LD and LT to LT and LE. Reg-
Fig. 4. The arrangement of amino acid residues at K/L interfaces near catalytic sites that participate in catalytic to catalytic site coop-
erativity. (A) Illustration of interaction of the side chain of LArg260 with the side chains of KPhe299 and KSer344 at the KD/LD interface
and arrangement of the side chains KTyr244, KArg304 and KTyr300 in the noncatalytic nucleotide binding domain of KD. (B) Illustration
of interaction of the side chain of LArg260 with the side chain of LGlu192 in the catalytic site of LE and arrangement of the side chains
KTyr244, KArg304 and KTyr300 in the nucleotide domain of KE.
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ular rotational motion of the coiled coil within the
central cavity would not be expected when only two
catalytic sites are saturated during ATP hydrolysis
(bisite conditions). This may account for the ¢ndings
that kcat for bisite catalysis is only about 5% that of
the trisite rate [28] and that inhibitory MgADP is
entrapped in a catalytic site under bisite conditions
[27].
Although the model illustrated in Fig. 5 is based
on experimental observations with isolated F1, it also
applies to ATP hydrolysis catalyzed by the F0F1-
ATP synthase. In the latter case, ATP hydrolysis
drives proton translocation rather than futile spin-
ning of the Q subunit observed with isolated F1. Re-
versal of the steps illustrated in Fig. 5 provides a
partial model for ATP synthesis by F0F1. The com-
plete model in the reverse mode must also include the
F0 motor that harnesses H or Na electrochemical
gradients that impel clockwise rotation of the Q sub-
unit. In the microscopic reverse of the last step illus-
trated in Fig. 5, the impelled motion of the Q subunit
is proposed to drive closing of LD containing loosely
bound MgADP and Pi on its catalytic site. This is
accompanied by formation of MgATP in the cata-
lytic site of LD and simultaneous opening of LE
which then releases MgATP synthesized two steps
earlier in the sequential process. Consistent with
this proposal, it has been demonstrated that energy
is required to bind Pi and ADP to a catalytic site in
the ATP synthase in a manner favoring ATP syn-
thesis and ATP release from another catalytic site
[42,43].
The model in Fig. 5 suggests that ATP hydrolysis
occurs as LD opens. This conclusion is based on the
following logic. The crystal structure of BH-MF1 in-
dicates that catalytic sites cycle between two ground
state conformations, a closed form in which the cat-
alytic site is liganded with nucleotides in the presence
of Mg2 and an open, unliganded form. The di¡er-
ent arrangements of functional amino acid side
chains in the open and closed conformations are il-
lustrated in Fig. 2. Major reshu¥ing of these side
chains occurs in the closed to open transition. There-
fore, it is reasonable to assume that the transition
state for ATP hydrolysis is formed when the catalytic
site of LD is converted to the open form as MgATP
binds to the catalytic site of LE. In the reverse of this
process during ATP synthesis, the transition state
forms as the catalytic site of LD containing loosely
bound MgADP and Pi closes in response to rotation
of the Q subunit that is ultimately driven by the elec-
trochemical gradient. Given these considerations,
ATP hydrolysis and synthesis are symmetrical
around a common transition state.
On the basis of the £uorescence properties of cer-
tain mutants of EC-F1 with tryptophans substituted
near, but not at the catalytic site, Weber, Senior and
colleagues [44,45] have argued that under steady
Fig. 5. A model for ATP hydrolysis coupled to rotation of the
Q subunit when three catalytic sites are saturated. Closed circles
denote L subunits liganded with MgATP in closed conforma-
tions. Hexagons represent L subunits in open conformations
and ellipses represent liganded L subunits in open/closed transi-
tion. Stippled circles represent K subunits liganded with
MgATP in closed conformations. The transition state for ATP
hydrolysis is represented by [ATP].
Table 1
Distances between side chains of selected residues at K/L inter-
faces near the three catalytic sites in the crystal structure of
BH-MF1 [8]
Residue pairs KT/LT KD/LD KE/LE
KF299 Cj-NH LR260 3.4 Aî 3.1 Aî 7.1 Aî
KS344 OQ -NH LR260 3.1 Aî 3.1 Aî 6.0 Aî
LR260 NH-OO LE192 9.0 Aî 9.1 Aî 4.1 Aî
LR260 NH-ON LD256 8.0 Aî 8.1 Aî 4.1 Aî
LR260 NH-ON LE188 3.5 Aî 3.6 Aî 4.9 Aî
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state conditions, two catalytic sites are occupied by
ADP and another is occupied with ATP. The £uo-
rescence changes reported are small and occupation
of catalytic sites with inhibitory MgADP was not
taken into account during ATP hydrolysis. In addi-
tion, AMP-PNP, one of the standards used to esti-
mate occupancy by ATP in the studies with the tryp-
tophan mutants, is hydrolyzed [46]. Therefore, our
hypothesis that, under conditions of steady state
ATP synthesis and hydrolysis, two catalytic sites
are occupied with ATP and the third is occupied
with ADP remains valid.
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